The crystal structure of cytochrome c3 from the sulfate-reducing bacteria Desulfovibrio desulfuricans, Norway strain, has been determined through the fitting of the recently completed primary structure to a 2.5 A resolution electron density map. The phase calculations were based on three mercurial derivatives; anomalous scattering data were used to refine the four heme iron positions. A preliminary refinement of the molecular model has led to a conventional crystallographic R factor of 34%. Cytochrome c3 is folded in two structural domains with one heme in each, the two other heme moieties lying in a large groove dividing the molecule. The core of the protein is the compact four-heme cluster which presents a relatively high degree of solvent exposure. The structural pattern of redox centers suggests that electron transfer might occur through direct contacts between some of the heme groups, via the overlapping system of T oribitals or via intervening amino acid side chains or both,
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The metabolism of anaerobic bacteria of the genus Desulfovibrio has been intensively studied (Ref. 1 and references therein). These bacteria use either molecular hydrogen or organic substrates as initial electron donors and sulfate ions (or in some cases even elemental sulfur) as terminal electron acceptors within a complex electron transport chain. The ultimate product of these reactions is hydrogen sulfide. Molecular hydrogen enters the system via an enzyme, hydrogenase (hydrogen:ferricytochrome oxidoreductase, EC 1.12.2.1) which specifically reduces the low potential cytochrome c:~, which in turn reduces ferredoxin. In this transport chain cytochrome c3 appears to play a key role. It can accept electrons from hydrogenase, but also from a system (coupled to NADH) at a more negative or positive potential than the H2/H+ couple, and then can act as an electron donor for hydrogenase (2). The specific interactions between these two proteins have also been clearly shown in the reduction of colloidal sulfur (3) and the results confirm that cytochrome c3 has a sulfur reductase activity: hydrogenase and cytochrome c3 form a soluble complex able to transfer electrons from molecular hydrogen to So, which then is reduced to H,S. In Desulfovibrio species, this enzyme is specific for cytochrome c3, the presence of which is strictly required for further reduction of ferredoxin, flavodoxin, rubredoxin, etc.
The properties of c3-type cytochromes are far from being fully understood. According to NMR (7, B), EPR (9), and * This work has been supported by the Centre National de la
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$. Recipient of an European Molecular Biology Organization Fellowship. To whom correspondence should be addressed. electrochemical (10, 11) studies, it appeared that the four hemes are in nonequivalent sites and act at different redox potentials. A number of speculations on the electron transfer properties of these cytochromes have also been put forward. In conjunction with these studies, structural investigations, based on x-ray diffraction data were clearly needed for a better approach to the functional roles of these multiredox center proteins.
The folding of cytochrome cs (DesuZfovibrio desulfuricans, Norway strain) has already been published (12). The molecule consists of a single polypeptide chain wrapped around a compact core of four nonparallel hemes. It was emphasized (12, 13) that the three-dimensional model was in serious disagreement with the structure proposed earlier for a homologous cytochrome CR (Desulfouibrio vulgaris, Hildenborough strain). Furthermore, it was then suggested that the spatial arrangement found for cytochrome c3 (D. desulfuricans, Norway strain) is representative of the cytochrome cg molecule generally.
In the present paper we describe the atomic model of cytochrome cQ (D. desulfuricans, Norway strain) which results from the interpretation of a 2.5 A resolution electron density map with the aid of the recently completed sequence (14). Along with the description of the structural features which are thought to be relevant for cytochrome c:? function, we put forward proposals for electron transfer routes within these proteins.
EXPERIMENTAL PROCEDURES
Crystals, Heavy Atom Derivatives, and Data Collection-An account of the crystallization procedure has previously been given (15). The space group is P3, (or P31) and the unit cell dimensions are a = b = 43.72 A; c = 64.45 A with I molecule/asymmetric unit.
Soaking conditions for successful heavy atom derivatives are summarized in Table I . These derivatives did not show any significant deviation in all cell dimensions from the native crystals. Native and derivative data sets including symmetry-and Friedel-related reflexions were collected on an Enraf-Nonius CAD-4 diffractometer using CuK,, radiation (Ni-fdter).
For both native and derivative crystals, every set of data was measured with a unique crystal of about 0.4 X 0.4 X 0.8 mm which generally showed a loss of intensity due to radiation damage of less than 20% on average. The measured intensities were corrected for background, Lorentz polarization, and absorption (16) . During data collection, 6 standard reflections were monitored every 100 reflections.
In addition, a block of 50 reflections was measured before starting the data collection and at the end. These reflections, randomly distributed in the reciprocal space, were used to apply a radiation damage correction as a function of both time and resolution (17) . Some statistical results are summarized in Table 11 .
The radial distribution plot of the fractional changes in structure factors produced by each derivative is shown in Fig. 1 . Heavy atom sites were located for each derivative from isomorphous and anomalous difference Patt.erson maps. Mercury chloride which produced the smallest isomorphous change corresponds to a single binding site A which is common to ethyl mercury phosphate and Hg(SCN)p derivcarried out using FHLE coefficients (18). Final parameters are reported atives. Least squares refinement of heavy atom parameters was Location and Refinement of the Heme-Iron Atoms-With 4 heme groups/ molecule the anomalous contribution of the iron atoms is far from being negligible ( f a , = 3.4 electrons for CuK, radiation) and may even exceed that of the heavy atoms in the different derivatives. Therefore, it was necessary to have accurate iron positions before the final phase calculation including both isomorphous and anomalous contributions. A preliminary electron density map was computed with the isomorphous contributions alone, fust at 5 A and later at 2.5 A resolution. These maps clearly revealed four prominent features, which were attributed to the four iron-heme atoms.
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Additional support for the location of these atoms came from its consistency with the anomalous data: (i) the Harker and cross-vectors between these iron sites agreed with the highest peaks of the anomalous difference Patterson maps for both native and derivative data sets ( Fig. 2) , (ii) the positions of the iron atoms could then he refined with a conventional full matrix least squares refinement procedure in a way similar to that used for myohemerythrin (19); the minimized quantity is Only the 1620 strongest differences in the range 2.5-10 A from a total of 4723 FriedeI pairs were included in the refinement. The same procedure was applied to the HgC12 derivative, the z coordinate of the Hg site being fixed the set of iron coordinates is identical within standard errors. Coordinates and individual isotropic thermal parameters were simultaneously refined and convergence was achieved after 7 cycles. The R factor,
decreased from an initial value of 0.54 to a final one of 0.35 (0.37 for the HgC12 derivative). The final parameters of the iron atoms are given in Table 111 .
Phase Calculation, Electron Density Map-A new set of "best" phases was then calculated with the contributions of the anomalous scatterers Hg and Fe (the anomalous scattering of the sulfur atoms being neglected) for the HgClz and ethyl mercury phosphate derivatives. Bijvoet difference Fourier maps (20) were computed for the native and for the above derivatives as well, in order to check the iron and mercury atom positions and to subsequently establish the absolute hand of the model. In each case the highest peaks in the asymmetric unit corresponded to the heme center positions and the mercury coordinates. When anomalous effects were considered, the quality of the 2.5 electron density map was remarkably improved (Figs. 3, a and b), allowing a definite chain tracing. The final overall figure of merit was equal to 0.76 ( Fig. 1) for 4723 reflections.
Model Building, Sequence Revision, Refinement-The folding of the a-carbon backbone as well as the heme orientations and some other important structural features have been already proposed on the basis of the interpretation of a minirnap (12). This conformation was perfectly consistent with the sequence which was then nearly completed except for some residues in the region around residue 50. A Kendrew (2 cm/A) model has been built with an optical comparator Inclusion of this segment, (Thrm-Leu-Glued, implies that the sequence numbers given in the previous publications must now he increased by 2 for the amino acids following His-49. The initial coordinates of the 1049 nonhydrogen atoms were read from the skeleton model, and bond lengths, bond angles, and planar groups were subsequently adjusted to standard geometry with the Corels' building procedure (22) . The idealized heme coordinates were those of tuna cytochrome c a t 2 A resolution (23) . The initial value of the crystallographic R factor was:
for the 2085 reflections with F,,,,. P 30 from spacings between 6 A and 3 A. A preliminary refinement with Corels for this set of data, reduced R to 0.34 after 6 cycles. Further refinement of the structure and extension of the data to higher resolution are in progress and will provide a more accurate description of the model (coordinates of the current model have been deposited with the Brookhaven Protein Data Bank).
RESULTS
Organization of the Molecule-The cytochrome c:) (D. desulfuricans, Norway strain) molecule consists of a chain of 118 amino acid residues which binds four heme groups. The total molecular weight is 15,066.
The conformation of the a-carbon backbone is given in Figs.  4 , a-C, and 5. These diagrams present minor differences with the previous representations (12) except in the region around X-X 50 where a tripeptide surface loop has been inserted. Figs.  4b, 4c , 5, and 6 also display the arrangement of the heme cluster which will be described in the next section.
The molecule folds in two well defined domains (Fig. 5) : domain 1, from the NHn-terminal to residue 72, wrapped around heme 3 and domain 2, from residue 73 to the COOHterminal and surrounding heme 1. The two domains are joined only by the 2-residue segment, 72-73, a few residues on the COOH-terminal side lying at the bottom of domain 1. The domains are separated by a large groove which accommodates hemes 2 and 4. Heme 4 interacts with domain 1 via i t s binding sites Cys 61, Cys 65, His 49, and His 67, whereas heme 2 provides interdomain contacts with Cys 92, Cys 95, and His 96 in domain 2 and with His 39 in domain 1.
The most remarkable secondary structure corresponds to residues 84-101 which is a right-handed a-helix, running over 21 A on one side of heme 1. Its axis is nearly parallel to the porphyrin plane and supplies the attachment sites Cys 92, Cys 95, and His 96 for heme 2 and one axial ligand, His 89, for heme 1. These side chains also serve to close the binding crevice for heme 2.
The molecular structure is also characterized by a high number of sharp turns which are listed in Table IV .
Heme Environments-In Figs. 7, a-d , is shown the binding pockets of the different heme groups which are seen approximately edge on, from the exterior of the molecule. The polypeptide chain creates a specific environment and solvent (ii) two aromatic residues close to the hemes at least, Phe 72, and Phe 88 (heme l), Phe 34 and His 36 (heme a), Tyr 8, Phe 34, His 39, and His 49 (heme 3), Phe 88 and His 48 (heme 4); (iii) a number of hydrophobic side chains (aliphatic and nonpolar) which line the heme pockets (that of heme 2 being particularly rich in proline residues). Hydrogen bonding seems important for stabilizing the prosthetic groups in the proper orientations. For example, all the protonated &nitrogen atoms of the histidy1 iron ligands appear to be hydrogen bonded to main chain carbonyl oxygen atoms or other acceptors (Table V) . Moreover, the two propionate groups of heme 3 are involved in strong interactions, one with the NH.l+ of 1,ys 60, the other with the nearby hydroxyl of Tyr 8. In contrast, the propionic acid chains of hemes 1 and 2 do not show similar bonds with the surrounding residues and are extending into external solvent. Those of heme 4 are involved in intermolecular hydrogen bonding. These different interactions also reflect the differences in the heme accessibility to the solvent. For the isolated protein the heme exposure increases qualitatively in this order: 3, 1, 2, 4.
In each case, at least one heme edge lies always at the molecular surface with one cysteinyl (cysteines 44, 66, 95, 111) thioether bridge facing the solvent. However the different redox site accessibilities in the crystalline state obviously depend on the molecular packing which is described hereunder.
Intermolecular Heme Arrangement and Surface Charge Distrihution-A striking characteristic of the crystal packing is a deep cavity of about 8 A diameter between two neighbor- propionic acid groups, one with Lys 100 and the other with Lys 101, the average 0 . . -N distance being equal to 2.7 A.
This hydrogen bonding pattern closes the cavity on one side bringing the two symmetry-related molecules together: domain l of one molecule with hemes 3 and 4 faces domain 2 of the other molecule with hemes 1 and 2. The resulting intermolecular heme organization leads to the short iron to iron distances given for Fig. 8 . It should be pointed out that this interface structure induces a lower accessibility for heme 4, as the exposed porphyrin side with histidyl 49 iron ligand belongs to the wall of the cavity. Therefore, access to heme 4 via the channel is limited to small molecules. We have shown that, in contrast to HgC12, bulky mercurial reagents cannot label His 49. Apart from the lysines which bound the channel on one side, it is lined with mostly nonpolar amino acids like Ala, Ile, Val, Cys, and pyrrole ring atoms.
For the crystal packing the distribution of charges (amino b L HEME 2 d HEME 4
acid residues and heme propionyl groups) on the molecular surface seems crucial. Fig. 6 indicates the C, positions of all charged residues and shows that they are clustered in two surface areas of the molecule. The possible relevance of these structural features to the electron transfer properties will be discussed in the next section.
DISCUSSION
Structural Features of Cytochromes cn-The cytochromes c3 show a poor degree of homology in primary structure (14, 25) . Nevertheless, we already suggested that, despite the sequence variations, the spatial structures would be similar, and most important, that the heme core geometry is probably a highly conserved arrangement in these multiheme proteins (12). A second cytochrome c:3 model (D. vulgaris, Miyazaki strain) which has been recently published (26) confwms clearly the above conclusions. It is obvious that the structural differences, which are expected to reflect the only 28% sequence homology between the two proteins, affect mainly the surface loops and not the heme core. It is remarkable that the redox center organization appears almost identical in both molecules, in terms of relative heme orientations as well as of iron to iron distances (Table VI) . A detailed comparison between the two structures will be made when atomic coordinates for the cytochrome c3 (D. uulgaris, Miyazaki strain) are available.
Heme Arrangement and Ekctrochemical Properties of
Cytochrome c3-The results of the crystallographic investigations provide the structural basis for further understanding of the electron transfer processes in the multiheme cytochromes. It would also be helpful to know the structures of both oxidized and reduced crystalline states or even of the intermediate states. Attempts to reduce the protein in the crystal have not yet been successful. When exposed to solutions containing dithionite, crystals tend to crack, an observation which could reflect a conformational change upon reduction. Such a conclusion emerged from the spectral studies of cytochrome c3 from Desulfouibrio africanus (27) .
Several other investigators have also studied the electrochemical behavior of cytochrome c3 from different species (10, 11, 27, 28) . Their results are generally consistent with four heme sites of nonidentical low redox potential and with a The tertiary structure clearly shows that each redox center is exposed to the external medium via one heme edge at least. The correlation between potential and redox site exposure and environment established for some hemoproteins (30, 31) may also hold for cytochrome c:+ The more negative values may then be attributed to the more exposed hemes 2 and 4 which are the interdomain redox centers, and the higher potential value, i.e. -165 mV, could be assigned to heme 3 which is partly shielded from the solvent by Tyr 8 packing against the porphyrin moiety (Fig. 7c) .
Heme-Heme Interactions-We previously mentioned that the electron pathways within the molecule might be qualitatively understood in terms of heme-heme interactions (32). With the complete model in hand we can now strengthen our proposals. The close packing of the heme groups readily suggests the possibility of partial overlap of the adjacent porphyrin n orbitals, which would facilitate the intramolecular electron propagation. Moreover, the intervening polypeptide chain brings some aromatic side chains nearby and between the hemes: Phe 88 between hemes 1 and 4; Phe 34 between hemes 2 and 3 (see Fig. 7 ) . Again, these amino acid residues tend to mingle their n orbitals with the 71 cloud of the proximate porphyrin moieties in order to assist the electron ex- have been interpreted on the basis of two pairs of redox centers with regard to the heme reduction rates and it was suggested that this behavior is due to different heme accessibilities rather than to the net electrostatic charge around the different redox sites (28). Our current model is consistent with this proposal. But in contrast with the conclusion of a slow intramolecular electron transfer (28) , the three-dimensional structure supports high electron exchange rates as arising from two pairs of interacting hemes, in accord with recent extensive NMR analysis of cytochrome cg (Desulfouibrio gigas) (38) . Intermolecular Interactions-The overall exposure of the heme cluster, as revealed by the model, favors the view that reduction and oxidation of cytochrome c g occurs via an outer sphere electron transfer process. Therefore, the exposed heme edges might interact with accessible redox centers of the other components of the electron transport system (for example an iron-sulfur cluster of hydrogenase or ferredoxin). In this respect, the inspection of the molecular surface may give a clue to the possible binding sites for the physiological oxidationreduction partners of cytochrome cg. Sequence comparisons clearly indicate that only a few positively (but no negatively) charged amino acids are strictly invariant among six cytochromes (14, 25), namely lysines 17, 75, 103, and 104 (Fig. 6) . By analogy with C-type cytochromes, it is tempting to assume that these lysines play an essential role as part of two specific binding sites, about 30 8, apart, for the redox partners. Chemical modification studies of these residues would be required to prove definitely their functional importance. The surface loop including residues 97 to 104 contains at least three lysines in the cytochromes cg. In the present structure this region of the protein intervenes in the self-association of the molecules via lysines 100 and 101 and might be involved in the recognition process of the chain partners via lysines 103 and 104. Of particular interest are the intermolecular contacts within the crystal, as they are similar to those observed in the hypothetical complexes, cytochrome c-cytochrome bs on the one hand (24) and cytochrome c-cytochrome c peroxidase on the other hand (35) . The propionyl groups of heme 4 serve to anchor another cytochrome cn molecule through hydrogen bonds with lysine side chains in the way that cytochrome c is thought to interact with cytochrome bs. In the three models the structural consequence of the molecular contacts is a close proximity between the heme groups of neighboring molecules and most striking, a definite tendency to bring heme groups in parallel alignment. In the cB (D. desulfuricans, Norway strain) crystal structure the planes of hemes 1 and 3 are tilted from a common mean plane by only + 1 7 O (Table VI) . The corresponding iron to iron distance is 19.2 8, and the closest approach between heme edges is 14 8, (Fig. 8) . These values have to be compared to those observed in the hypothetical structure of the cytochrome c-cytochrome c peroxidase complex, 24.6 8, and 16.5 A, respectively. Therefore, cytochrome c3 (D. desulfuricans, Norway strain) in the crystalline state appears as the fist experimental evidence that gives weight to the previous proposals suggesting that an efficient electron transfer between hemoproteins requires a parallel alignment of their porphyrin groups. Furthermore, the kinetic data for the reduction of cytochrome c3 (D. uulgaris, Miyazaki strain) in the solid-state and in the presence of hydrogenase have been interpreted in terms of an interlocked heme cluster within the molecular framework (36) . We suggest that the intermolecular organization, as observed in the c:$ crystal structure (D. desulfuricans, Norway strain), is also a common, highly preserved characteristic of the cytochrome c :~ class' and that it might well be responsible for some striking properties of these electron carriers, like their high electrical conductivity and their strong reactivity toward hydrogenase, even in the solid-state (36, 37) . The description of the details, especially of the hydrogen bonding pattern which is also supposed to play an essential role in the electron transfer processes, must await the structure analysis at higher resolution which is in progress.
